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Decomposition of chromophore molecules under direct electron beam irradiation reduces the
refractive index of chromophore containing polymers. The induced refractive index contrast
between the exposed and unexposed regions is high enough for waveguide bends of small radius and
thus microring resonator devices. This electron beam bleaching of chromophore-containing
polymers provides a fabrication approach for nonlinear polymer optical waveguide devices.
Fabrication of high quality microring resonators with critical feature size on the order of 100 nm
was demonstrated with this technique in an electro-optic polymer that contains YL124
chromophores. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2926680兴
Photonic integration can provide size, weight, and power
reductions together with better performance analogous to
electronic integration. Microring resonators are regarded as
the promising building blocks because of their compactness
and multifunctionality.1 For example, versatile functions of
electro-optic 共EO兲 modulation and switching, optical rectification, wavelength conversion, and all-optical switching can
be realized by microring resonators made of organic nonlinear optical materials.2–4 Exponential increasing of the EO
coefficients in a rate consistent with Moore’s law and the
intrinsic ultrafast response time of these materials could allow “lossless” conversion or even gain in the electricaloptical-electrical signal transduction process and terahertz
bandwidths.5
Typical organic nonlinear optical materials are guesthost systems with optical polymers doped with organic chromophores. Systematic analysis and simulation of polymer
microring resonators show that the fabrication of the submicron coupling gap with a precision of ⬍100 nm is critical to
achieve high quality factor 共Q factor兲 and sharp resonance.6
This high resolution can be achieved through electron beam
lithography combined with reactive ion etching 共RIE兲 or
nanoimprinting.7 Traditional photolithography plus RIE
have also been used to fabricate microring resonators with
lateral coupling gaps greater than 1 m or vertical coupling
gaps.2,8 However, many device designs require lateral
coupling gaps smaller than 2 m. For the chromophorecontaining polymers, high energy photons or electron irradiation can break bonds and decompose the organic chromophores. This decomposition bleaches out the color and
reduces the index of refraction of the polymers. Previously,
we have reported the fabrication of EO polymer microring
resonators with photobleaching.9 In this letter, we recommend electron beam bleaching as an alternative approach for
making chromophore-containing polymer microring resonators. Electron beam irradiation induced a refractive index
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decrease of about 0.06 in chromophore-containing polymethyl methacrylate 共PMMA兲 polymers, which is large
enough for ring waveguides of small radius. Electron beam
provides nanometer scale resolution, which could not be
achieved with photobleaching. Without using expensive high
resolution photomasks, different designs of microring resonator devices can be easily generated with computer assisted
design and control systems. This is especially cost effective
for device prototyping and design optimization. Electron
beam bleaching is a single step process, which simplifies the
device fabrication and reduces the sources of error from multiple fabrication steps. It also eliminates the use of wet
chemicals that can dissolve the chromophore-containing
polymer waveguides and greatly increase the propagation
loss.
The chromophore used in this study was YL124. This
chromophore has been used for optical rectification and EO
modulation.3 When doped with binary chromophore organic
glass materials, such as DR1-PMMA, an EO coefficient r33
of more than 200 pm/ V at 100 V / m electric poling field
has been reported.10 YL124 was doped into PMMA host
polymer with a loading density of 20%. The PMMA polymer
has a molecular weight of 950 000 and PMMA of this molecular weight is used as high resolution electron beam resist.
The solid mixture of PMMA and chromophore was dissolved
in chlorobenzene and the total solid content is about 7.75%.
The solution was spin coated at a spin rate of 3000 rpm/ min
onto a Si substrate with UV curable polymer UV16 共Master
Bond, Inc.兲 precoated and formed an EO polymer film of
about 2 m. The UV16 layer served as a lower cladding and
it had a thickness of about 3.6 m. The EO polymer film
was then baked in a vacuum oven at 65 ° C for two days to
completely remove residue solvent.
The EO polymer film was patterned with FEI Sirion
scanning electron microscope equipped with a nanometer
pattern generation system 共NPGS兲. Accelerating voltage of
30 kV and beam current of 5 nA were used to have a shorter
writing time. We first made waveguides with 90° bends to
test the appropriate exposure dose. Bent waveguides with
500 m bending radius and 5 m width were exposed with
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FIG. 1. Measured output optical powers of the electron beam patterned bent
waveguides as functions of the electron beam doses.

different electron beam doses and the propagation loss of
these waveguides was measured. The strip areas on both
sides of the waveguide were exposed to electron beam irradiation and functions such as cladding to provide lateral confinement for the waveguide. Bleaching of the dark green
color EO polymers under electron beam irradiation is clearly
visible under an optical microscope. Total width including
waveguides and the two exposed strips is 50 m. A broadband erbium amplified spontaneous emission source with
wavelength distribution of around 1520– 1560 nm was
coupled to the waveguide through a polarizer to launch the
transverse magnetic 共TM兲 mode in a polarization maintaining 共PM兲 optical fiber that is end coupled to the input end of
the waveguide. The output of the waveguide was lens
coupled onto a photodetector of an optical power meter 共Agilent 81623B兲. Figure 1 shows that output light power increases with the electron beam dose. This trend is consistent
with the refractive index change of the EO polymer after
e-beam bleaching. The change saturates when the electron
beam dose is above 500 C / cm2.
The color of the e-beam exposed area changed from dark
blue to very light blue. The characteristic absorption peak of
the chromophore also diminished 共Fig. 2兲. Refractive index
and thickness changes of the EO polymer film under electron
beam irradiation were measured with the prism coupling
technology 共Metricon 2010兲. A 2 mm diameter circular area
on the EO polymer film was exposed with 700 C / cm2 electron beam. More than three spots on both the electron beam
exposed and unexposed regions were measured. The average
refractive index at the wavelength of 1550 nm for the unexposed area was 1.5581 and that of the exposed area was
1.4961. The standard deviations were smaller than 0.0002
and confirmed the self-consistency and validity of the measurements. The index decrease induced by the electron beam

FIG. 2. Absorption spectra of an YL124/PMMA thin film before and after
electron beam bleaching.
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FIG. 3. 共Color online兲 Microring resonators fabricated with the electron
beam bleaching method. 共a兲 Microscopic picture of the device. The lighter
areas are bleached by the electron beam irradiation. 共b兲 Close microscopic
view of the coupling region. A 200 nm coupling gap was clearly resolved.

irradiation was 0.0620 and about 4% of the original value.
This result contrasts to the refractive index increase in pure
PMMA induced by the electron beam irradiation,11 which
indicates that the change of the refractive index should be
mainly attributed to the decomposition of organic chromophore under high energy electron beam irradiation. This
can be further verified with the refractive index of the exposed area, which is only a little bigger than the refractive
index of the pure PMMA 共1.488兲. The film thickness decreased by 0.12 m and 4.6% of the original value. This
could be due to the escaping of volatile small species decomposed from the chromophore out of the EO polymer. The
same phenomena were also observed in photobleaching of
EO polymers.
Electron beam bleaching of the EO polymer was used to
make microring resonators of the basic structure with a
single ring resonator coupled to one bus waveguide. The EO
polymer and its thickness were the same as above and the
electron beam dose was also 700 C / cm2. Si substrate with
a 5 m thermal silicon dioxide layer was used. The silicon
dioxide was used as the lower cladding and its refractive
index is 1.46. Microring resonators of different designs were
fabricated and the transmission wavelength spectra were
measured. Individual devices were cleaved from the wafer
and the two ports of the bus waveguides were end coupled to
the input and output optical fibers. Output from a tunable
laser source 共Santec TSL-210兲 was connected to an Agilent
polarization controller. TM or TE polarized light was then
end coupled to the input port of the microring resonators
through the PM fiber. An Agilent 81623B optical power
meter was used to measure the optical power coupled from
the output port. Scanning of the input light wavelength and
acquiring of the output optical power were controlled by a
computer program.
The highest resonance extinction ratio was achieved in a
microring resonator with a waveguide width of 5 m, total
width including waveguides and the two exposed strips of
100 m, and coupling gap size of 200 nm. The ring resonator had a racetrack shape with circular sections of 500 m
radius and straight coupling section of 100 m in length
共Fig. 3兲. The extinction ratio was 12 dB for TE polarization
and 9 dB for TM polarization. No higher resonance modes
presented in both of the resonance spectra. This confirmed
the single mode operation of the ring waveguide. By fine
tuning the gap size with a resolution smaller than 100 nm
and the coupling length, the critical coupling condition can
be further approached and a higher extinction ratio is possible. From the measurements of different microring resona-
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tern generator. The fabrication process avoids organic solvents that might attack the chromophore containing polymers
and is compatible to a broader material system. Microring
resonators made of unpoled chromophore containing polymers can be used as passive wavelength filters or sensors,
e.g., chemical sensors for trace dinitrotoluene explosive
detection.13 After the chromophore molecules are properly
aligned with the poling electric field, active microring resonator devices with the functions of EO modulation, switching, and tunable filtering could be realized.
FIG. 4. Normalized transmission spectrum of a microring resonator. The
input light is TE polarized.

tor designs, the two exposed strips outside the waveguide
can be less than 7.5 m wide, which consumes a much
shorter electron beam writing time. Ring radius of 300 m
or smaller is also possible. The resonance spectrum of the TE
polarization was fitted to the theoretical transfer function
共Fig. 4兲.12 The fitted internal circulation attenuation factor ␣
is 0.55 and coupling attenuation factor t is 0.36. From these
fitting results, Q factor was calculated to be 9450, ring waveguide propagation loss is 16 dB/ cm, and finesse is 2.7. The
main loss mechanism may be the scattering at the waveguide
edges because NPGS allows limited vertices along the arc
polygons, which could reduce the edge smoothness. By splitting the polygons to smaller sections or using a better electron beam writing system, the waveguide loss could be reduced and Q factor could be even higher.
In conclusion, decomposition of chromophore molecules
under electron beam irradiation reduces the refractive index
of the chromophore containing polymers. The refractive index change by electron beam bleaching is large enough for
small waveguide bending and thus microring resonator devices. The electron beam bleaching techniques were used to
directly write microring resonators of high extinction ratio
and quality factor. Electron beam bleaching is a single step,
maskless, resistless direct writing process. Coupling gap of
100 nm or smaller can be resolved with a standard scanning
electron microscopy with an electron beam lithography pat-
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